IntroductIon
The current investigation was designed to test the efficacy of measures of knowledge monitoring accuracy in the context of a simple assessment of knowledge monitoring. Performance on many versions of this knowledge monitoring assessment has been linked to academic outcomes (e.g., Hartwig, Was, Isaacson, & Dunlosky, 2012) . Gamma (γ) has been the measure of choice to assess individual differences in knowledge monitoring accuracy. This investigation examines the relationship between other measures derived from signal detection theory (d' and lamda [λ] ), gamma, and academic performance.
Metacognition is often described as thinking about one's thinking.
Although in layman's terms this is a reasonable definition, a more precise definition of metacognition is knowledge and control of one's cognitive processes (Flavell, 1979) . There is a great deal of research in cognitive psychology and educational psychology that demonstrates a strong link between metacognition and learning (Dunlosky & Metcalfe, 2009; Hacker, Dunlosky, & Graesser, 2009 ).
Models of metacognition typically include monitoring as an essential component of learning (Dunlosky & Metcalfe, 2009; Nelson & Narens, 1990; Tobias & Everson, 2009 ). For example, Nelson and Narens described a model of metacognition composed of two levels: the meta-level and the object level. The object level represents ongoing cognitive processes involved in completing a task (e.g., learning and attention). The meta-level contains a model of the person's understanding of the task at hand and the cognitive process involved in attempting to complete the task. The processes involved in metacognition are the interactions that occur between the meta-level and the object-level. These two processes are monitoring and control. Monitoring represents the meta-level's knowledge and appraisal of the object level. Put differently, the object-level informs the metalevel of the ongoing cognitive activities so the meta-level can update the model. Control represents the meta-level updating the activities in the object-level. As specified by Nelson and Narens, control of the object level does not provide information about the ongoing activities, and therefore monitoring is a necessary and foundational aspect of metacognition. Tobias and Everson (2009) To understand how individual differences might influence accuracy of responses on a knowledge monitoring assessment it is necessary to understand the responses generated and how they are analyzed and interpreted. For the purposes of the KMA, the proportion of items responded to correctly (i.e., items answered correctly) is not directly relevant. Rather than relying on the proportion of correct responses, the results of the KMA are typically interpreted based on the proportion of items correctly identified as known or unknown. For example, if an item is identified as unknown during the initial phase and is responded to incorrectly during the testing phase this would be identified as accurate knowledge monitoring.
The results of the KMA are most often presented in the form of a 2 × 2 contingency table similar to the one shown in Table 1 (Dunlosky & Metcalfe, 2009 ). An individual's calibration would be perfect if she or he predicted to answer 75% of the items on a test correctly and they did answer 75% of the items (no more, no less) correctly.
Relative accuracy, also known as resolution, indicates whether an individual can differentiate between items that are known versus unknown. Put differently, resolution indicates whether metacognitive judgments of individual items predict performance relative to one another. Nelson (1984) , after a thorough review of measures of feeling-ofknowing accuracy, proposed that γ (Goodman & Kruskal, 1954) is the best measure for use with feeling-of-knowing data that align with 2 × 2 tables, but also for R × C in which R > 2 and C > 2. The studies previously described in this manuscript, as well as many other previous studies, have relied on a γ coefficient to assess the degree of accuracy on the knowledge monitoring assessment (e.g., Hartwig et al, 2012) . γ in these circumstances is a measure of relative accuracy. As previously stated, measures of relative accuracy provide information about the discrimination of a set of confidence judgments in relation to a set of performance outcomes (Schraw, 2009b) . Although γ provides a measure of monitoring accuracy, it does not account for variation in participant responses due to issues, such as response bias, poor discrimination, or lack of sensitivity. Put differently, whereas γ produces an index of accurate monitoring, it does not account for an individual's general response tendencies (e.g., over-or underconfidence). γ is used widely in the metacognition literature, including laboratory studies in- However, γ may not account for the individual differences found in knowledge monitoring accuracy that affect accuracy in both laboratory settings, and more importantly ecologically valid studies, such as those that take place in the classroom (Masson & Rotello, 2009 ).
For example, in the previously referenced studies conducted by Was and colleagues (e.g., Hartwig et al., 2012; Was et al., 2013) The bias index, scatter index, and discrimination are each possible candidates for capturing individual differences in responses. However, there are reasons that each of these is not appropriate for use in the current study (cf. Schraw, 2009a) . Many of these measures are not appropriate for measuring a participant's ability to discriminate between known and unknown items. For example, the bias index captures the degree to which the participant is more likely to answer "known" when the item is unknown (overconfidence) than to answer "unknown" to known items (underconfidence).
One candidate is the discriminability index or d' . d' is a theoretical value used in signal detection theory that measures how readily a signal can be detected (Wickens, 2002) . In signal detection theory, d' measures the separation between the signal and the noise (no signal) distributions using the noise distribution's standard deviation as the metric. Both distributions are Gaussian in nature and assumed to be of equal variance. One goal of the current study was to determine if using d' to analyze data from a 2 × 2 contingency table based on a simple KMA would account for more variance in an achievement measure than using γ, and thus provide insight into potential individual differences that may affect knowledge monitoring and metacognition and in-turn, classroom performance.
A second goal was to determine if response bias, the degree to which an individual is over-or underconfident in their judgments, impacts the efficacy of d' to account for variance in performance.
In signal detection theory, λ is a measure of observer's response criterion. Put differently, λ is a measure of an individual's propensity to say "yes" or "no. " According to Wickens (2002) , λ is the most direct way to describe the placement of the observer's criterion. Wickens (2002) and others (e.g., Macmillan & Creelman, 2005) have argued that a better measure of bias is λ center (Macmillan & Creelman denote λ center as c). λ and λ center both refer to the same criterion but they differ in the origin from which the criterion is measured (Wickens, 2002 ). In the current study, both measures of bias were calculated as response bias may impact the relationship between d' as a measure of knowledge monitoring accuracy and performance on in-class exams.
Method

Participants
Three hundred and sixty one undergraduates enrolled in an educational psychology course at a Midwestern University participated for course credit. Females represented 74% and males 26% of the sample.
Participants in the study were freshmen and sophomores enrolled in the course as a requirement into the teacher education program at the university.
Materials
Knowledge Monitoring AssessMent (KMA)
The KMA used for this study was adopted from Tobias and Everson (1996;  for a review, see Tobias & Everson, 2009 ). The KMA designed for the current study required participants to state whether they knew or did not know the meaning of 50 English words, and then respond to a multiple-choice vocabulary test of the same words (see Appendix A for stimuli).
FinAl exAM
The final exam was a 100-item, cumulative, multiple-choice exam in the educational psychology course in which the participants were registered.
Design and procedure
Participants completed the KMA during the first two weeks of the semester. Participants logged into the online course delivery system used by the university and initiated the KMA. Participants were informed that performance on the KMA was not related to their course credit and that they should complete the KMA without using any outside resources (e.g., the textbook, a dictionary, online resources, etc.). Once participants began the KMA it was to be completed in a single ses- Participants responded by indicating which of the five alternatives they believed to be the synonym. Participants had unlimited time to respond.
The final exam was administered on the last day of semester.
The exam consisted on 100 multiple-choice items and was a cumulative assessment of students' knowledge of course content.
Recall that using terminology common to signal detection theory, the procedure generates the following four scores with students assess- To test whether d' is a better predictor of academic outcomes than γ, the KMA was scored using both the γ coefficient and d' . The equation for calculating γ is presented in Formula 1, and for calculating d' in Formula 2.
(1)
Equation 1 refers to the cells found in the 2 × 2 contingency table (Table 1) (Wickens, 2002) . Table 2 presents the 2 × 2 contingency table with means and standard deviations for each of the above scores.
Two participants had no data in the misses cell of the table. In Formula 2, participants with no data in the misses (c) cell will have a hit rate of 1. Because d' is unidentified in cases in which H or F are 1 or 0, the data from these two participants was not included in the analyses to follow.
Although Macmillan and Creelman (2005) suggested ways to deal with empty cells, I chose to exclude the data of these two participants as the loss of two participants translates to a loss of less than 0.01% of the data.
To understand the influence of response bias, the λ and the λ center bias index (cf. Wickens, 2002) were calculated using Equations 3a and 3b, where, as above,
(3b) results Table 3 displays (1) 
Because d' and λ are statistically independent, as are d' and λ center , when the two distributions are normal, it is also important to note that the distributions of d' and λ were both normal. Skewness and kurtosis for d' , λ, λ center were all within acceptable ranges (see Table 4 ). Table 5 The relationships between d' , λ, and λ center in the current data are an important finding in regards to the knowledge monitoring assessment. As described by Wickens (2002) , in signal detection theory d' is a measure of how readily a signal can be detected. In perceptual and diagnostic tasks in which signal detection is employed, d' is an estimate of the signal strength and is independent of the criterion the participant adopts. To increase discriminability one simply needs to increase the signal strength. In studies attempting to measure individual differences in knowledge monitoring accuracy, such as the current study, the signal is each participant's feeling of sense of correctness. 2 A stronger signal is more easily detected. One interpretation of a stronger signal in this case is information that is well known or well learned. Therefore, those who can more readily recognize and detect information as known even when it is not readily available or known, will be better at knowledge monitoring.
However, response criterion, as measured by λ, and bias, as measured by λ center , capture the propensity to say "yes" or "no, " in this study "known" or "not known. " In the case of the KMA, λ as the criterion for "known" responses is difficult to interpret because it requires one to take detectability (d') into account. However, because λ center is more easily interpreted (greater values for λ center represent a greater likelihood of responding "unknown"), it represents a more precise measure of bias.
The negative correlation between λ center and final exam scores is simply interpreted as the more students are overconfident in their knowledge, the more poorly they will perform on tests of their knowledge. It is my conclusion that this represents the overconfidence seen in many studies of knowledge monitoring and calibration in which we see the lowest performers are often overconfident in their ability to perform.
In regards to γ, false alarms as a measure of overconfidence (the tendency to respond to an item as "known" and fail to correctly identify the item) mediated the relation between γ and final exam scores. In the context of a student preparing for an exam it is clear how false alarms would impact performance. First, from a measurement perspective, false alarms will reduce the magnitude of γ. Put differently, more false alarm errors necessarily reduce the accuracy of knowledge monitoring. A student preparing for an exam, who is overconfident in his or her knowledge, is therefore likely to end the studying process prematurely. This bias toward overconfidence will in turn reduce the effect of knowledge monitoring on academic performance.
Metacognition is an important part of self-regulated learning and knowledge monitoring is the foundation of metacognition. Imagine a student preparing for an upcoming examination. If the student is able
to accurately assess what she knows, she will use her time efficiently
by not studying material that has been learned. However, imagine a student with poor knowledge monitoring ability. This student may inaccurately judge content to be unlearned that he has already mastered and waste time studying the material. But even more damaging to a student's potential success is when material that is not yet mastered is judged as known, and the student stops studying prematurely. Several studies have demonstrated that these overconfident students are likely to perform poorly on examinations (e.g., Hacker, Bol, Horgan, & Rakow, 2000; Isaacson & Fujita, 2001 ).
One potential reason for this overconfidence is the unskilled and unaware hypothesis (Ehrlinger, Johnson, Banner, Dunning, & Kruger, 2008; Kruger & Dunning, 1999) . The double-curse, as it is often called, occurs because not only do poor performers lack the skill to produce accurate responses (i.e., correctly answer exam questions), but they also lack the expertise to know they are not producing accurate responses (i.e., they are unable to judge the quality and accuracy of their responses). Clearly, individual differences in this ability to accurately assess knowledge are linked to academic success.
The current study was conducted as an attempt to investigate two possible measures of differences in knowledge monitoring accuracy.
γ, a common measure of data that can be arranged in a 2 × 2 contingency table, has been the most often used measure of knowledge monitoring accuracy with such data. The current study supports the use of γ as it successfully accounted for individual differences in knowledge monitoring accuracy that may lead to differences in academic performance. However, the amount of variance of which γ accounted was limited.
In the current study, it was demonstrated that d' was highly correlated with vocabulary knowledge. It was also found that d' in conjunction with λ accounted for a larger amount of variance in final exam performance than γ.
By no means does the current investigation attempt to account for all differences in knowledge monitoring. Indeed, Schraw, Kuch, and Gutierrez (2012) completed a Monte Carlo study in which they examined 10 unique measures that could be calculated using 2 × 2 contingency table data. In their simulation, Schraw et al. generated data for a 2 × 2 table simulating a 1,000-item test using 10,000 cases. The data were generated using a two-phase process. In brief, the responses distribution varied from case to case, but the aggregated data yielded 62.5%
of responses in cell a and the remainder evenly distributed in cells b-d.
This, according to Schraw et al., is the approximate distribution one would expect from a large sample of human participants. Although not all 10 measures represent independent psychological constructs, two important and distinct constructs were identified: sensitivity and specificity. Sensitivity represents the ability to accurately assess what is known. Specificity is the ability to accurately assess the unknown.
Although Schraw et al. 's study was informative it was conducted using Monte Carlo techniques. Future research using human participant
